only 8-fold worse than the k cat /K m values of natural lipoate and biotin acceptor proteins. The kinetic improvement over LAP1 allowed us to rapidly label cell surface peptide-fused receptors with quantum dots.
Introduction.
Most proteins are evolved to interact with a multitude of cellular molecules and thus contain a number of distinct domains, binding sites, and activities. Often, it is useful to the biochemist to reduce a specific aspect of a protein's function to just a peptide fragment. This can help to determine the minimal features of a protein required for a specific function such as binding, recognition by an enzyme, translocation, or folding. [1] [2] [3] [4] It may also be desirable to create a consensus peptide substrate for assay purposes, 5;6 or to use a peptide in place of a protein to facilitate crystallography of multi-protein complexes. 7;8 For therapeutic applications, replacement of protein drugs with peptides having similar activity can improve tissue penetration and reduce immunogenicity. 9;10 Our lab is interested in protein minimization to peptides for the purpose of developing new protein labeling technologies. Size minimization of protein tags that direct the targeting of fluorescent probes 11 can greatly reduce problems of tag interference with protein trafficking, folding, and interactions.
Conversion of proteins to peptides without loss of the function of interest, however, is challenging for a number of reasons. First, the function may require secondary structure that is difficult to recapitulate in a peptide. Second, the function may require contributions from multiple, non-contiguous regions of a protein. Third, structural information is not available for many proteins, and in some cases, even the regions that contribute to a protein's relevant activity are not known. Fourth, due to their more flexible structure, peptide binding is often associated with a greater entropic penalty than is protein binding 12 , making it more difficult to engineer high-affinity interactions.
Numerous methods have been used to reduce proteins to peptides. Simple truncation and/or rational design can be successful, [13] [14] [15] but is usually associated with at least a partial loss of activity and/or specificity. Peptide scanning 16 or high-throughput screening [17] [18] [19] approaches are more exhaustive, but library sizes are limited (typically 10 2 -10 5 ), so it is difficult to identify optimal sequences. Peptide selections, on the other hand, can process libraries up to 10 9 in size, dramatically increasing the probability of identifying a successful sequence. Accordingly, selections on phage, [20] [21] [22] [23] inside bacteria, 24 and on the surface of bacteria, 25 yeast, 26 and mammalian cells, 27 have been used to evolve peptides with novel functions.
In this study, our goal was to identify novel, kinetically efficient peptide substrates for E. coli lipoic acid ligase (LplA) (Figure 1 ). LplA is a cofactor ligase that our lab has harnessed for fluorescent protein labeling applications. 13;28 The natural function of LplA is to catalyze ATP-dependent, covalent ligation of lipoic acid ( Figure 1A ) onto specific lysine sidechains of three E. coli proteins involved in oxidative metabolism: pyruvate dehydrogenase, 2-oxoglutarate dehydrogenase, and the glycine cleavage system. 29 Previously, we showed that LplA and engineered variants could ligate unnatural probes such as an alkyl azide (a functional group handle for fluorophore introduction; Figure 1A ), 13 a fluorinated aryl azide photocrosslinker, 28 bromoalkanoic acid (a ligand for HaloTag 30 ; Figure 1A ), 31 and a coumarin fluorophore 32 in place of lipoic acid. To utilize these ligation reactions for protein imaging applications, we prepared recombinant fusions of proteins of interest (POIs) to the 9 kD E2p domain of pyruvate dehydrogenase (Figure 1B top). 13 Such fusions could be labeled with high efficiency and specificity by our unnatural probes on the surface and in the cytosol of living mammalian cells. LplA-catalyzed lipoylation of the 9 kD E2p domain of E. coli pyruvate dehydrogenase (structure from PDB 1QJO). Bottom: LplA-catalyzed 11-Br ligation onto an engineered LAP ("LplA Acceptor Peptide"), which is genetically fused to any protein of interest (POI). Ligated alkyl bromide can be specifically and covalently modified by HaloTag-fluorophore conjugates. 31 The red circle represents any probe. (C) Model for interaction between LplA (purple, from PDB 1X2H) 33 and E2p (grey, from PBD 1QJO). 34 The lipoylation site on E2p, Lys41, is rendered in stick.
Even though 9 kD (85 amino acids) E2p is considerably smaller than Green Fluorescent Protein (27 kD) and other protein labeling tags such as HaloTag (33 kD) 30 and SNAP tag (20 kD), 35 we wanted to further reduce its size, to minimize steric interference with POI function. We previously attempted this by rational design of an "LplA acceptor peptide" (LAP1), 13 based mostly on the sequence of LplA's natural protein substrate 2-oxoglutarate dehydrogenase, with a few additional rational mutations. LAP1
is 17 amino acids long, or 22 amino acids with the recommended linker. 13 We found that LAP1 fusion proteins could be ligated by LplA to some probes (lipoic acid, 13 alkyl azide, 13 and aryl azide 28 in vitro and in cell lysate, but not on the cell surface except under conditions of high LAP1-POI overexpression. 13;28 We could never detect LAP1 labeling in the cytosol. due to their sequence and structural similarity. 37 On the other hand, we estimate that the K m for LAP1 is >200 μM, as measured by HPLC (data not shown).
For this study, we selected yeast surface display 38 as our platform to evolve a novel peptide substrate
for LplA (called "LAP2"), with kinetic properties comparable to those of LplA's natural protein substrates. We preferred yeast display to other evolution platforms for a number of reasons. Selections in bacterial cytosol 24 do not allow fine adjustment of protein concentrations and selection conditions.
Phage display has limited dynamic range, both due to displayed peptide copy number (3-5 on pIII or 2700 on pVIII 39 ), and due to the all-or-nothing nature of affinity-based product capture. The limited dynamic range makes it very difficult to enrich kinetically efficient peptide substrates, as we discovered in our phage display evolution of yAP, a peptide substrate for yeast biotin ligase. 21 Mammalian cell surface display is challenging due to the need for viral transfection to control the multiplicity of infection, and the low viability of cells after fluorescence activated cell sorting (FACS). 40 By careful library design, tuning of selection conditions with the help of a model selection, four rounds of selection with decreasing LplA concentrations, and additional rational mutagenesis, we engineered a 13-amino acid LAP2 with a k cat of 0. 13 As a consequence of this improvement, we could easily lipoylate cell surface LAP2 fusion proteins, even at low expression levels. We also performed LplA-mediated specific quantum dot targeting to LAP2-LDL receptor. In comparison, quantum dot labeling was undetectable when using the same receptor fused to LAP1.
Results
Model selections. We designed the selection scheme shown in Figure 2A . A library of LAP variants is displayed on the C-terminus of Aga2p, a cell surface mating agglutinin protein commonly used for yeast display. Before initiating selections on a LAP library, we tested and optimized our selection scheme using a model system consisting of mixtures of E2p-expressing yeast and LAP1-expressing yeast. Since LAP1
represents the best that we can achieve by rational design and E2p represents LplA's natural substrate with evolutionarily optimized k cat /K m , we wished to design a selection that could maximally enrich E2p-yeast over LAP1-yeast. We performed lipoylation of E2p or LAP1 expressed on yeast surface by adding purified LplA, ATP, and lipoic acid to the media. FACS scanning showed that, for a 30 minute reaction time, we could obtain the largest difference in signal between E2p-yeast and LAP1-yeast using 300 nM
LplA ( Figure 2B ). Higher LplA concentrations increased LAP1 intensity without increasing E2p intensity, diminishing the difference between them (data not shown). To check the site-specificity of LplA labeling on the yeast surface, we also performed a negative control using an E2p-Aga2p construct with a Lys→Ala mutation at the lipoylation site, and observed no phycoerythrin staining ( Figure 2B ).
Using 300 nM LplA, we performed 30-minute labeling on 1:10, 1:100, and 1:1000 mixtures of E2p-yeast and LAP1-yeast (E2p yeast in the minority). FACS was performed using the red gate shown in Figure 2B . We used a PCR assay to determine the ratio of yeast before and after a single round of selection, capitalizing on the different sizes of the E2p and LAP1 genes. Figure 2C shows that for all starting mixtures, the selection protocol enriched E2p yeast and depleted LAP1 yeast so completely that it could not be detected. We conclude that our selection can enrich kinetically efficient LplA substrates (e.g., E2p) over active but inefficient substrates (e.g., LAP1) by >1000-fold in a single round.
In addition to a selection based on lipoylation, we wished to develop a selection scheme based on ligation of an unnatural probe. This would serve two purposes. First, by using two different sets of probes and detection reagents in alternating rounds of selection, we could minimize the possibility of inadvertently isolating LAPs with affinity for one of our detection reagents. Second, we could increase the probability of isolating a LAP sequence that would be effective not just for lipoylation, but also for ligation of unnatural probes such as photocrosslinkers and fluorophores.
In separate work, 31 we have identified mutants of LplA that catalyze ligation of bromoalkanoic acids.
Once ligated to E2p or LAP, such probes can covalently react with the commercial protein HaloTag, 30 which is derived from a microbial dehalogenase. Thus, we have used 11-bromoundecanoic acid (11-Br, Figure 1A ) to target HaloTag-conjugated fluorophores to specific cell surface proteins ( Figure 1B , bottom). 31 For yeast display selections, we labeled cell surface E2p or LAP1 with the Trp37→Ala mutant of LplA mutant (LplA   W37A   ) , ATP, and the 11-Br probe. We then detected ligated bromoalkane with HaloTag protein, conjugated to biotin, and detected that in turn with streptavidin conjugated to phycoerythrin ( Figure 2A ). As with the lipoylation assay, we detected a large difference in phycoerythrin staining between E2p-yeast and LAP1-yeast, using 500 nM mutant LplA, and no labeling of E2p (Lys→Ala)-yeast (data not shown). Thus, 11-Br probe is also suitable for LAP selections on yeast cells.
Construction of LAP library and yeast display selections.
We wished to shorten LAP, from LAP1's 17-22 amino acids, 13;28 and thus opted for a 12-mer peptide library. With complete randomization of the 11 residues flanking the central Lys, the theoretical diversity would be ~10 14 , far greater than the experimentally achievable library size, which is limited by yeast transformation efficiency to 10 7 -10 8 . 41 Thus, we decided to create a partially randomized 12-mer library, guided by alignments of natural lipoate acceptor protein sequences, the NMR structure of E2p, 34 and the structure of a functionally and structurally related biotin acceptor domain in complex with biotin ligase. 42 We aligned the sequences of 250 naturally lipoylated proteins (lipoate acceptor proteins) from >100 distinct species. The five lipoyl domains from E. coli (present in LplA acceptor proteins), along with lipoyl domains from three other species are shown in Figure 3A . Several trends were apparent from the alignment: (1) the -1 Asp is highly conserved; (2) positions +1, +5, and -4 are usually hydrophobic; (3)
Glu and Asp are enriched at positions -3 and +4; and (4) position +6 is usually Ser or Ala. We introduced these preferences into our LAP library design, shown in Figure 3A .
In addition, we used structural data to inform our LAP library design. NMR structures are available for several lipoate acceptor domains. 34;43-45 All of them show that the lipoylated lysine is presented at the tip of a -hairpin turn. Though this is a challenging structure to recapitulate in a peptide, we took a cue from the structure of E. coli E2p, which shows that the -1 Asp sidechain hydrogen bonds with backbone amide N-H groups of both the central lysine and +1 Ala ( Figure S1 ). 34 To promote this loop-favoring interaction, we installed Asp at the -1 position with 39% frequency in our LAP library ( Figure 3A ).
There is no co-crystal structure of a lipoate acceptor domain with LplA, to indicate which residues might be important for interactions with the enzyme. However, lipoate domains are structurally similar to biotin acceptor domains, 46;47 and LplA is structurally related to biotin ligase as well. 48 The co-crystal structure of P. horikoshii biotin ligase with its biotin acceptor protein shows a hydrogen bond between the +4 Glu of the acceptor and Lys27 of the enzyme. 42 In addition, the authors of the T. acidophilum
LplA structure created a computationally docked model of their enzyme with E2p. 37 The docked structure also predicts a hydrogen bond between the +4 Glu of E2p and Lys155 of the enzyme, which corresponds to Lys143 in E. coli LplA. Figure 1C shows our docked model of E. coli LplA with its E2p lipoate acceptor. Because these structures and models suggest that +4 Glu is important for interactions with LplA, we restricted the +4 position of our LAP library to polar residues (Glu, Asp, Gln, and His) to promote inter-molecular hydrogen bonding ( Figure 3A ).
The LAP library was cloned by Klenow-mediated fill-in of a synthetic oligonucleotide library. The insert was introduced into pCTCON2, 41 containing Aga2p and the c-Myc tag, by homologous recombination. Our yeast transformation efficiency was ~10 7 , 10 3 -fold under our theoretical diversity of ~10 10 . A powerful feature of FACS-based selection is its dynamic range. For a single round of selection, different sorting gates can be used, and the sequences of clones obtained via different gates can be compared, to infer sequence-activity relationships. For round 4, in addition to our standard high phycoerthyrin gate ("Gate A"), we also collected yeast from a slightly lower gate ("Gate B"). Figure S2B shows that the major difference between Gate A clones and Gate B clones is the presence of Phe at the -4 position in Gate A clones. We surmised that the selection of -4 Phe may account for much of the jump in LAP activity between rounds 3 and 4. Indeed, when we mutated the -4 Phe of one of the Gate A clones, LAP4.1, to Val, its activity in a yeast surface lipoylation assay dropped to a level comparable to the Gate B clones ( Figure S3 ).
We utilized the information from Gate A and Gate B clones ( Figure S2C ) to rationally design a new LAP sequence, called "LAP2". Since Gate A clones showed clear amino acid preferences at positions -4, -3, -2, +1, +2, +4, +5, and +7, we introduced these preferred residues into our LAP2 sequence.
Positions -1, +3, and +6 did not show consensus in Gate A clones, so we based these amino acids in LAP2 on preferences seen in the Gate B clones. We characterized this rationally designed LAP2 alongside the four evolved LAP clones from round 4, in cell-based and in vitro assays, described below.
Comparison of LAP sequences.
To compare the round 4 LAP sequences and LAP2, we created genetic fusions to CFP-TM (cyan fluorescent protein fused to a transmembrane helix from PDGF receptor) 13 for mammalian cell surface expression, and HP1 (heterochromatin protein 1) 13 for bacterial expression. In all constructs, an N-terminal glycine from the Aga2p fusion was carried over, making the total LAP length 13 amino acids.
First, we compared the surface expression levels of the LAP fusions in HeLa mammalian cells.
Whereas LAP4.1, LAP4.2, and LAP2 gave clear cell surface expression, both LAP4.3 and LAP4.4
showed poor expression (data not shown). We surmised that LAP4.3 expression might be hindered by its +6 Cys, due to intermolecular disulfide bond formation in the oxidizing secretory pathway. Since
Gate B clones showed a preference for Asp at this position, we prepared a point mutant of LAP4.3 with a +6Cys→Asp mutation (LAP4.3D). Figure S4 shows that LAP4.3D gives improved cell surface expression compared to LAP4.3, as indicated by the pattern of CFP fluorescence. In addition, cell surface lipoylation with exogenous LplA gives a strong signal with LAP4.3D-CFP-TM, whereas little signal is detected under the same conditions with LAP4.3-CFP-TM. E. coli expression of the HP1 fusion protein also improved significantly upon introduction of the +6Cys→Asp mutation in LAP4.3.
Based on these observations, we carried LAP4.3D into subsequent analyses, and we did not characterize LAP4.3 or LAP4.4 any further.
Second, we compared the LAPs in a cell surface lipoylation assay ( Figure S5 ). CFP-TM fusion constructs were expressed in human embryonic kidney 293 (HEK) cells, and lipoylation was carried out by purified LplA enzyme added to the media. After 10 minutes of labeling, lipoylated cell surface proteins were imaged using anti-lipoic acid antibody. Figure S5A shows representative images of labeled E2p, LAP2, and LAP1. 49 Whereas E2p and LAP2 are lipoylated to a similar degree, labeling is not detected under these conditions for LAP1. To quantitatively compare the labeling efficiencies of all the LAP sequences, we plotted lipoylation signal (as measured by antibody staining intensity) against CFP signal for single cells. Average signal ratios listed in Figure S5B indicate that LAP2 is labeled more efficiently than the other LAP sequences, and is comparable even to E2p.
Third, the LAP sequences were compared in an intracellular labeling assay. In separate work, we have engineered a coumarin fluorophore ligase for labeling of recombinant proteins in living mammalian cells. 32 To compare the LAP sequences using this assay, we prepared fusions to nuclear-localized Yellow Fluorescent Protein (YFP), and labeled transfected cells with the coumarin probe for 10 minutes.
Afterwards, images were analyzed by plotting mean single cell coumarin intensities against mean single cell YFP intensities. Figure S6 shows that LAP2 is labeled more efficiently than the other LAP sequences in the cytosol, and gives even higher signal intensities than E2p, at high expression levels.
Fourth, we compared the LAP sequences in vitro in an HPLC assay, 13 after expressing and purifying the HP1 fusion proteins 13 from bacteria. Figure 4A shows the percent conversion to lipoylated product under identical reaction conditions. As in the cellular assays, LAP2 is the best sequence. When fused to the C-rather than N-terminus of HP1, the activity of LAP2 decreased somewhat, but was still higher than all other LAP sequences at the N-terminus. We also performed HPLC assays using other probes (azide 7, 11-Br, and coumarin) and found that LAP2 was the best substrate for these also (data not shown). To utilize LAP2 for receptor imaging, we prepared a fusion to the low density lipoprotein (LDL)
receptor. LAP2-LDL receptor expressed in HEK cells was labeled with LplA W37A and 11-Br probe.
Ligated bromoalkane was derivatized with HaloTag-conjugated quantum dot 605 (QD605). Figure 4B shows specific QD605 labeling of LAP2-LDL receptor at the cell surface. Omission of ATP or LplA eliminates labeling. The same experiment performed with LAP1-fused LDL receptor did not produce any detectable QD605 signal.
Often, we use LplA labeling in conjunction with biotin ligase (BirA) labeling, for two-color imaging applications. 13;31 We used HPLC to test the cross-reactivity of LAP2 with BirA and found no biotinylation after a 12 hour reaction with 5 μM BirA (data not shown).
Discussion
In summary, we have engineered a new peptide substrate for LplA using a novel selection platform based on yeast display. The peptide, LAP2, is lipoylated with a k cat similar to that of LplA's protein substrate E2p, and has a K m much closer to that of LplA's protein substrates than that of our previous rationally-designed LAP1. 13 The consequence of this improvement in kinetic efficiency is the ability to label peptide-tagged cell surface receptors with unnatural probes, even at low or medium receptor expression levels. In other work, LAP2 also allows fluorophore tagging of intracellular proteins. 32 In contrast, LAP1 fusions are difficult to label at the cell surface, 13;28 and impossible to label inside of living cells. 32 LAP2 is also shorter than LAP1 (13 amino acids instead of 17-22 amino acids) and can be recognized by LplA at the N-terminus, C-terminus, and internally.
32
Comparing LAP2 to LplA's natural protein substrates, the negatively charged residues at positions -1, -3, and +4, and the hydrophobic residues at positions -4 and +5 are shared. Since -1 Asp of E2p may promote loop formation ( Figure S1 ), and +4 Glu in E2p may interact with Lys143 in LplA's binding pocket (see above), LAP2 may interact with LplA in a manner similar to E2p. When overlaying the LAP2 sequence onto the E2p NMR structure ( Figure S1 ), 34 the -4 Phe and the +3 Tyr are positioned to interact in an intramolecular manner. We speculate that this interaction may help to stabilize LAP2 in a loop conformation that promotes high affinity binding to LplA. Interestingly, the engineered 15-amino acid acceptor peptide for biotin ligase 50 also contains aromatic sidechains at these two positions. We also noticed that the +2 Trp that emerged in our selections may be positioned to interact with a hydrophobic patch on the LplA surface that includes Phe24.
Our study also introduces a new selection scheme for evolution of peptide substrates. Previously, yeast display has been used to evolve enzyme specificity, 35;51 binding peptides, 26 and binding proteins, 38 but, to our knowledge, no enzymatic substrates have been evolved by this method. The appeal of yeast display for enzyme substrate evolution lies in its dynamic range: up to 10 4 -10 5 copies of peptide can be displayed on the surface of each yeast cell, 41 and FACS sorting allows fractionation of yeast into distinct pools based on the extent of surface peptide modification. In contrast, phage display has far more limited dynamic range due to the low copy number of displayed peptides, and the all-or-nothing nature of affinity-based product capture. As a consequence, we previously used two generations of phage display 
Materials and Methods
Cloning of Aga2p fusions to LAP1 and E2p for yeast display (Figure 2) . The E2p gene was amplified from E2p-CFP-TM 13 using the primers E2p-NheI-PCR (5'GCATC GCTAGC ATG GCT ATC GAA ATC AAA GTA CCG G; incorporates an NheI site) and E2p-BamHI-PCR (5'GGTGA GGATCC CGC AGG AGC TGC CGC AG; incorporates a BamHI site). The resulting PCR product was digested with NheI and BamHI and ligated in-frame to NheI/BamHI-digested pCTCON2 vector. 41 To clone the Aga2p fusion to LAP1, we hybridized the oligos LAP1-NheIBamHI-F (5'CTAGC GAC GAA GAG GAG G) and LAP1-NheIBamHI-R (5'GATCC CTC CTC CTC ACC GCC CGG TAC TTC CAG AAC TGC TTT GTC GGT TTC GAT TTC AAC CAG TAC TTC GTC G). The annealed oligos encode the 22-amino acid LAP1 sequence DEVLVEIETDKAVLEVPGGEEE. 13 We then ligated the duplex DNA in-frame to NheI/BamHI-digested pCTCON2 vector. The E2p-Ala mutant was generated by Lys40→Ala mutagenesis using the QuikChange oligo 5′ GATCACCGTAGAAGGCGAC GCT GCTTCTATGGAAGTTCCGGC and its reverse complement. We note that for c-Myc tag detection, we initially used a chicken anti-c-Myc antibody. However, we
Model selections on yeast with LAP1 and
found that anti-chicken antibody cross-reacts with rabbit antibodies, and thus we switched to mouse anti-c-Myc antibody, which gives a lower signal, but does not bind to the rabbit anti-lipoic acid antibody.
To implement the model selections, E2p-displaying yeast and LAP1-displaying yeast were combined in various ratios. A total of 10 7 cells were lipoylated as described above in 100 µL PBSB.
Following labeling, cells were sorted using a typical polygonal gate as shown in Figure 2B . We Cloning and expression of LAP-HP1 fusion proteins ( Figure 4A) . First, an MfeI restriction site was introduced into our previously described 13 LAP1-HP1 expression plasmid, at the C-terminal end of the LAP1 sequence, using the QuikChange primer 5′ AAGCAGTTCTGGAAGTACCG CAATTG GGCGGTGAGGAGGAGTACGCC and its reverse complement. We then annealed the forward and reverse oligos shown below, and ligated the duplex DNA in-frame into NheI/MfeI-digested LAP1-(MfeI)-HP1 vector. The vector introduced a C-terminal His 6 tag. Bacterial expression and purification were carried out as previously described. quenched with 180 mM EDTA (final concentration). HPLC was used to determine the amount of product in each aliquot and kinetic parameters were extracted using the Michaelis-Menten equation as described previously.
Measurement of LAP2 kinetics (Figure S7
13;28
